Abstract This study aims to determine aluminum fractions in the fine earth of acidic soils under different land uses (forest, pasture and cultivation) and in the river bed sediments of the headwater of the Mero River in order to identify and quantify Al-bearing phases to assess Al mobility and potential bioavailability (environmental availability) in the monitoring area. Sequential extraction is used to evaluate the Al partitioning into six fractions operationally defined: soluble/exchangeable/specifically adsorbed, bound to manganese oxides, associated with amorphous compounds, aluminum bound to oxidizable organic matter, associated with crystalline iron oxides, and residual fraction (aluminum within the crystal lattices of minerals). The mean concentration of total aluminum (24.01 g kg -1 ) was similar for the three considered uses. The mean percentage of the aluminum fractions, both in soils and sediments, showed the following order: residual fraction ) amorphous compounds & crystalline iron oxides [ watersoluble/exchangeable/specifically adsorbed [ bound to oxidizable organic matter & Mn oxides. However, in the soils, the amorphous compounds and watersoluble/exchangeable/specifically adsorbed fraction showed considerable differences between some types of uses, the percentage of aluminum linked to amorphous compounds being higher in forest soils (16% of total Al) compared to other uses (mean about 8% of total Al). The highest values of water-soluble/ exchangeable/specifically adsorbed Al were also found in forest soils (mean 8.6% of the total Al versus about 4% of pasture and cultivation), which is consistent with the lower pH and higher organic matter content in forest soils. Nevertheless, the potentially bioavailable fraction (sum of the first three fractions) is low, suggesting very low geoavailability of this element in both soils and sediments; hence, the possibility to affect the crops and water quality is minimal.
Introduction
Aluminum is highly insoluble and generally unavailable to participate in biogeochemical reactions. However, under highly acidic (pH \ 5.5) or alkaline conditions (pH [ 8.0), or in the presence of complexing ligands, the solubility of Al compounds is enhanced, making it more available for biogeochemical transformations (Driscoll and Schecher 1990) . Continued acidification of the environment leads to considerable increases of dissolved Al concentrations in acidified soils and surface waters and may be potentially hazardous to the terrestrial and aquatic ecosystems (Bi et al. 2003) . High concentrations of certain dissolved Al species can result in forest decline, reduction of agricultural productivity, and death of aquatic organisms and fish. The toxic effect of Al compounds is often linked to mortality of some animals and neurotoxicity to humans (Yokel 2004; Mirza et al. 2017) .
Aluminum may occur in the soils and sediments in different forms: as soluble species, electrostatically bound to organic and mineral surfaces, organically complexed, forming non-crystalline minerals, as interlayer hydroxyaluminum polymers in clay minerals, and as structural Al (integrated in the crystal lattice of soil minerals, mainly silicates) (Sposito 2008) . The stability of the forms of Al in the solid fraction governs its susceptibility to be released to the soil solution, structural Al being the most stable form and therefore less likely to be release. The presence and abundance of different forms of Al in the soil may be influenced by different factors related to soil formation (EimilFraga et al. 2015) . Land use and soil management can induce changes in pH and organic matter amount and quality, among other soil parameters, and consequently modify the Al forms (Boruvka et al. 2005; Wang et al. 2016) , although different trends have been observed (Klemmedson and Blaser 1990; Verde et al. 2005; Miyazawa et al. 2013 ), more research is needed. Sequential chemical extraction can provide information concerning the association degree of Al with various geochemical phases in soils and sediments, allowing us to assess its actual and potential environmental availability to biota in the terrestrial and aquatic environments (Filgueiras et al. 2002) .
The total content and the Al fractions were analyzed in the topsoils and river surface sediments in the upper Mero River basin (NW Spain) using a sixstep sequential extraction procedure. The upper Mero River basin is a rural area dedicated to reforestation and agriculture (pasture and, to a lesser extent, cultivation) so that the natural origin of Al can be assumed. However, soils are acidic and well supplied with organic matter, so inappropriate management or a change in environmental conditions could cause the release of the most labile forms of Al bound to the soil and, therefore, increase the risk of being transferred to ground or surface waters, soil organisms and the food chain. Knowing how land uses affect the distribution of Al forms is essential to establish appropriate management practices in the basin, aimed at preventing the excess of available Al and, consequently, preserving the soil ecosystem quality and protecting water resources. Previous investigations on this basin have revealed that the transfer of Al from soils to the water course is mostly associated with particulate material from soil erosion (Palleiro et al. 2013 (Palleiro et al. , 2014a . However, the Al content and its distribution in the bed sediments have not been studied, even though sediments are known to behave as a sink and as a potential source of metals in the aquatic environment. The upper course of the Mero River feeds the Cecebre reservoir, which constitutes the only drinking water source for a population of approximately 400,000 inhabitants. In addition, this reservoir is registered as part of the Natura 2000 Network for its ecological value. Therefore, the Al distribution in the different geochemical fractions of the river bed sediments may be a considerable determinant for the reservoir health. Taking into account the above considerations, the specific objectives were: (1) to assess the Al fractions in the topsoil under cultivation, pastures and forests as well as to investigate the relationship between soil properties and the Al fractions; and (2) to assess the Al fractions in the river bed surface sediments and their geochemical variations along the river course. Finally, the potential mobility and bioavailability of Al in both matrices were evaluated. For the purpose of this paper, bioavailability is the environmental availability of Al to terrestrial and aquatic organisms. That is, potential bioavailability comprises the actual available fraction dissolved in pore water plus the potential available fraction adsorbed to the soil/sediment matrix, which, in our case, is represented by the sum of the first three extracted fractions.
Materials and methods
This study was carried out in the Upper Mero basin, which is a rural catchment covering 65 km 2 in northwest Galicia (Spain) in the province of A Coruña. The soils are developed from schists of basic composition from the Ó rdenes Complex (IGME 1981), which are formed by easily alterable minerals such as biotite (sometimes chlorite), calcium plagioclase and amphiboles. The main soil types are classified as Umbrisols and Cambisols (IUSS Working Group WRB 2015) , which are usually deep because of intense weathering. The climate of the basin is humid temperate (mean annual rainfall is higher 1100 mm and mean annual temperature is 13°C). Detailed information about location, climate and hydrological regimes, and transport of sediments and metals in this area was provided in Palleiro et al. (2014a, b) and Soto-Varela et al. (2014) . The land uses include forests (53%), which mainly contain pine (Pinus pinaster) and eucalyptus (Eucalyptus globulus), pastures (38%), cultivation (4%; mainly forage maize and winter cereal) and impervious areas (5%). Among the management practices in the basin it should be noted cutting of pine and eucalyptus in the forests land and fertilizer application and liming on agricultural land (cultivation and pasture). Agricultural fields received organic and inorganic fertilizers as well as commercial lime. Organic fertilizers (mainly cattle and pig slurry) are applied to pastures several times a year, including the wet season (October-December). Cultivated lands are subjected to high levels of mechanization (plowing and subsequent harrowing, among others).
For each land use (cultivation, pastures and forests), four composite soil samples (0-20 cm depth) were collected (after removing the litter layer and O-horizons in the forest soils). In total, twelve topsoil samples were analyzed. River bed sediments (5 cm deep) were sampled at 4 points (labeled from S1 to S4) that were distributed along the upper course of the Mero River between the headwater of the river (S1) and the basin outlet (S4). Details of soils and sediments sampling and the location of sampling sites can be seen in Palleiro et al. (2016) . Both the soil and sediment samples were air dried, mixed and sieved through a 2-mm nylon sieve to obtain the fine earth on which all the analyses were performed.
The following parameters were analyzed in each sample of soils and sediments as per Guitián and Carballas (1976) : pH in water and in 0.1 M KCl (1:2.5 soil or sediment/solution ratio), total organic carbon (oxidation with a mixture of K 2 Cr 2 O 7 and H 2 SO 4 and titration with Mohr Salt), nitrogen (Kjeldhal method), and the particle size distribution [proportions (g kg -1 ) of sand (2-50 lm) determined by wet sieving and using pipette method for silt (50-2 lm) and clay (\2 lm)]. The effective cationic exchange capacity (eCEC) was obtained as the sum of Ca, Mg, Na, K and Al (Kamprath 1970) , which were displaced by 1 M NH 4 Cl (Peech et al. 1947 ) and determined by atomic absorption (Ca, Mg and Al) or atomic emission (Na and K) spectrophotometry. Aluminum saturation was calculated as the ratio between Al in the exchange complex and the eCEC, and expressed as a percentage. Total Al was determined in separate soil/sediment samples, with 1 g of each digested in hot mixed acid (HCl ? HNO 3 ? HF) in the following proportions: 5 mL aqua regia [HCl (37%) ? HNO 3 (65%) in molar ratio 3:1] and 1 mL HF (40%). The accuracy and analytical precision in the determination of the total Al content in soils and sediments were examined by analyzing a reference material (NCS ZC 73004) and duplicate samples in each analytical set. The coefficient of variation for Al was 3%.
Aluminum fractionation in soil/sediment samples was performed by using a sequential extraction procedure-SEP-discussed by Cardoso Fonseca and Ferreira da Silva (1998) The Al contents were measured by flame atomic absorption spectrophotometry. The accuracy of the used SEP was evaluated by the comparison of the total Al concentrations with the sum of the six Al individual fractions. The Al recovery values of the SEP were in all cases (soils and sediments) close to 100% (100-110%), indicating good agreement between the sum of all the fractions and the total concentration of Al, which was measured directly. The percentage of Environ Geochem Health (2018 ) 40:1803 -1815 1805 Al in the various fractions was calculated on the basis of the sum of the concentrations in the six fractions. The clay fraction was collected by siphoning after treating the soil/sediment samples with H 2 O 2 followed by dispersion and agitation of the suspension. The mineralogy of the clay fraction was estimated by X-ray diffraction using a Siemens D-500 diffractometer with Cu-Ka radiation, graphite monochromator and Ni filter. Crystalline powder diagrams of samples without deferrification, and diffractograms of oriented aggregates of deferred samples were made. The deferrified samples were saturated with Mg, ethylene glycol, K and subjected to various thermal treatments.
An ANOVA was performed to check differences between land uses. Tukey's test was used to compare means after ANOVA in order to examine all possible differences in relation to soil use. Pearson correlation analysis was applied to assess the relationship between the mean concentrations of the Al fractions and the physicochemical properties. For the correlation analysis, 12 soil samples and 4 sediment samples were considered.
Results and discussion

Soil physicochemical properties and mineralogy of the clay fraction
Mean values and ranges of the main soil physicochemical properties under different soil uses are shown in Table 1 . The causes of the differences in the mean values of pH and organic matter according to the soil uses were discussed in Palleiro et al. (2016) . The pH in KCl is lower than the pH in water, which highlights the predominance of the negative charge versus the positive charges in the surface horizon of these soils. In addition, the displacement of the exchangeable Al by the KCl solution with the consequent release of Al to the soil solution and subsequent hydrolysis processes possibly contribute to this result, i.e., Al ?3 ion in aqueous solution tends to combine with water releasing hydrogen ions and therefore a decrease in pH. The eCEC was similar in the three uses (mean values 5.99-6.69 cmol (?) kg -1 ). Their values were low but within the most common range in soils (3-18 cmol (?) kg -1 ) according to Jung et al. (2002) . The eCEC is significantly correlated with the pH (pH water r = 0.65, p \ 0.05; pH KCl r = 0.81, p \ 0.01). The fact that the eCEC in pastures and cultivated soils, which have a pH significantly higher than that of the forest soils, does not differ significantly from these latter could be attributed to the lower organic matter content of the agricultural soils. The amount of exchangeable Al was significantly higher in the forest soils (4.32 cmol (?) -kg -1 ; 71.92%) than in the agricultural soils (1.62 cmol (?) kg -1 ; 25.31% in pastures and 1.93 cmol (?) -kg -1 ; 34.51% in cultivated soils), which indicates that in the forest soils Al is the predominant cation in the exchange complex. Overall, Al percentage was negatively correlated with pH (r = -0.95 for pH water and r = -0.87 for pH KCl, p \ 0.01). The forest soils were ''alic'' in character as the Al saturation in the exchange complex is more than 60% (Buol et al. 1975) . Liming of agricultural soils is a common management practice in the basin, as mentioned in the previous section, and this is the cause of the low saturation in Al of these soils. The texture, which, unlike the pH and organic matter, is not a dynamic property of the soil, was quite similar for all three uses, being mainly silt and silty loam. In contrast to other authors (e.g., Wada 1995) , positive relationship between organic matter and clay content were not observed. However, this agrees with the results obtained by Barral et al. (1997) for a set of soils in Galicia developed over easily alterable geological materials and with textures similar to those of this study.
X-ray diffraction (Table 2) indicated that hydroxyAl interlayered vermiculites and, to a lesser extent, weakly crystalline phyllosilicates 1:1 (halloysites) and goethite (traces) were the crystalline minerals in the clay fraction of the forest soils, whereas in the pasture and cultivation soils the clay fraction is composed by similar amounts of hydroxy-Al interlayered vermiculites and kaolinite, accompanied by small amounts of goethite, in addition to traces of mica and quartz in the cultivation soils. The low values of eCEC (Table 1 ) may be explained in part by the blocking of charges by the Al polymers formed in the interlaminar space of the vermiculite and the presence of low-charge clays (halloysite, kaolinite, goethite).
Total Al in the soils
The mean content of total Al was 24.01 g kg -1 , ranging from 20.88 to 26.9 g kg -1 for forest and pasture (Table 3) , respectively, but no statistically significant differences were found between the three land-use types. The mean Al value in the topsoil of the Mero basin soils is markedly lower than the mean that was proposed by Martin and Whitfield (1983) for the world's soils (71 g kg -1 ), and the mean concentration (84.7 g kg -1 ) that was reported in the Geochemical Atlas of Galicia (Guitián et al. 1992 ) for the C-horizon of the soils in the study area. This is not surprising because weathering and leaching occur in the soils when compared to the parent rocks. Aluminum has a close negative correlation with sand fraction (r = -0.68, p \ 0.01) and positive with the sum of clay and silt (r = 0.68, p \ 0.01), which indicates that total Al increases with increasing amounts of fine fractions (clay ? silt) in the soil because of the concentration of aluminosilicates in the finest fractions.
Sequential extraction of Al in soils Table 3 summarizes the results of Al fractionation according to land uses. The mean percentages of Al obtained in each extraction step for each land use are shown in Fig. 1 . Although the residual fraction represents the highest contribution to total Al content, variable amounts were obtained in the other fractions, the order of abundance for the average of all soils (without differentiating use; n = 12) being as follows: residual fraction (72.3%) ) oxalic acid/ammonium oxalate (in the dark) fraction (10.5%) & oxalic acid/ ammonium oxalate (under ultraviolet) fraction (9%) [ soluble/exchangeable/specifically adsorbed (4.7%) [ Al associated with oxidizable organic matter (2%) & Al linked to Mn oxides (1.5%). However, the relative importance of each fraction depended on each land use.
Ammonium acetate fraction
The fraction extracted by ammonium acetate includes water-soluble Al, bound by electrostatic adsorption (exchangeable) and the specifically adsorbed (more strongly bound to the soil components than exchangeable). This reagent also extracts carbonate-bound ions, but no carbonate minerals were identified, so the Al obtained in the first fraction of the sequential extraction is considered as soluble, exchangeable and ). This high Al concentration in the most labile forms is associated with a high probability of being bioavailable, and therefore involves a high risk of biotoxicity. Although these levels of Al far exceed the critical value (0.09 g kg -1 for soluble and exchangeable) related to visible damage to plants (Walna et al. 2005) , it should be noted that symptoms of Al toxicity were not observed in our soils. The base saturation percentage, which is an index used to determine the Al stress in forest ecosystems (Cronan and Grigal 1995) , always exceeded 15% (\15% of eCEC is indicative of toxicity) which indicates that soils here studied do not display risk of Al toxicity. The Al bound to organic complexes is of low toxicity (Kochian et al. 2005; Matús et al. 2006 ). This could explain the high value of extracted Al and the absence of negative effects on the plants of these acidic soils. However, exchangeable aluminum should not be ignored because in acid soils the mobility of Al increases sharply and competes very actively with other cations for exchange sites (Kabata-Pendias 2011).
This fraction was negatively and significantly correlated with pH of soils (r = -0.67, p \ 0.01), which indicates that a decrease in the pH will result in a release of some amount of exchangeable and/or specifically adsorbed Al to the soil solution. Conversely, it is positively and significantly correlated with the organic matter (r = 0.69, p \ 0.01), whereas the clay content, very similar in all soils (Table 1) , has no very significant effect (r = 0.48), thus highlighting the important contribution of organic matter, and the secondary contribution of clay fraction for this fraction, either by providing ionic exchange sites and/or specific adsorption sites, thus reducing the amount of Al in solution. In fact, comparison of soil uses revealed that the highest amounts of this fraction were found in forest soils (1.80 g kg -1 ; 8.1%), which agrees with their lower pH and higher organic matter content, followed by pasture (0.84 g kg -1 ; 3%) and cultivated soils (0.76 g kg -1 ; 3.9%). 
Aluminum bound to Mn oxides fraction
The less important fraction was the one extracted with hydroxylamine hydrochloride that represents ions linked to oxides of Mn, which only reached the 1.5% of Al in the analyzed soils, being slightly higher in forest soils than in pasture and cultivated soils.
Oxalic acid/ammonium oxalate in darkness fraction
Although the oxalic acid/ammonium oxalate buffer at pH 3, in the dark, following the previous leaching of Mn oxides, appears specific for amorphous Fe phases or with a low degree of crystallinity, it is also an effective extractant of amorphous Al forms (Blakemore et al. 1981; Shuman 1982) , both organic and inorganic as was pointed out for other metals (Schwertmann and Taylor 1977). On the other hand, it has been established that acid oxalate in the dark also extracted a portion of the hydroxy-Al interlayer material from 2:1 layer silicates (Paterson et al. 1993; Dai et al. 2011 ). An average of 2.53 g kg -1 of Al was obtained in this fraction, which is more reactive than the crystalline oxides. This content was substantially less than that of other Galician soils with both acidic pH and high contents in organic matter, in which Al was extracted with oxalic-oxalate in the dark by single extraction procedures (Á lvarez et al. 2002; Barral et al. 1997; Eimil-Fraga et al. 2015) . The percentage of amorphous Al represents a mean value of 10.5% which ranged, depending on land uses, within values approximately twice higher in forest soils (16%; 3.34 g kg -1 ) than in pasture (9.5%; 2.57 g kg -1 ) and cultivated soils (6.9%; 1.67 g kg -1 ). The differences between forest use and the other two soil uses can be explained by the higher organic matter content in forest soils, which may have increased the Al complexation and the Al amount in this fraction in relation to the other two soil uses. Aluminum-humus complexes lead to stabilization of both organic matter and amorphous-Al compounds, i.e., organic matter inhibits the evolution of Al compounds toward crystalline forms, and in turn organic matter is protected from microbial attack, thereby reducing mineralization and remaining in the soil (Kodama and Schnitzer 1980; Mikutta et al. 2009; Schneider et al. 2010; Xu et al. 2010) . The positive and significant correlation between Al extracted with acid ammonium oxalate and organic matter (r = 0.60, p \ 0.05) appears to support this idea, which is consistent with the findings of other authors for acidic soils and rich in organic matter, from both Galicia (García-Rodeja et al. 1987; Barral et al. 1997; Á lvarez et al. 2002; Troitiño et al. 2008 ) and other areas, as was reported for example by Vieira et al. (2009) for subtropical soils. Troitiño et al. (2008) , comparing three land-use types (cultivation, pasture and forest) in Galicia, found Al concentrations (extracted by single extraction procedure) clearly lower in the cultivation and pasture sites than in the forest sites, in direct relation to the lower amounts of organic matter of the first two. On the other hand, Eimil-Fraga et al. (2015) also reported a predominance of organo-Al complexes over inorganic compounds of low crystallinity for acid soils developed from different geological materials in Galicia. These authors also found differences according to parent materials, which were related to acidity and to the degree of organic matter evolution. However, taking into account that Al extracted with acid ammonium oxalate in the dark is considered to represent the sum of amorphous Al (and/or weakly crystalline) in organic complexes and in inorganic compounds, and that the organic matter content in our soils only explains 36% of the variance, it is likely that a portion of the Al of this fraction comes from weakly crystalline soil components. In the forest soils, the presence of halloysite with weak crystallinity may have contributed to the Al fraction extracted by oxalicoxalate, whereas in the other two uses this mineral has not been detected, and the kaolinite appears with a good crystallinity. However, hydroxy-Al interlayered vermiculites have been identified in all the studied soil uses ( Table 2 ), so that a portion of Al could be derived from the hydroxy-Al polymers in interlayer positions of these minerals as was reported by Paterson et al. (1993) and by Dai et al. (2011) , among others.
Oxidizable organic matter fraction
It has been recognized that Al tends to bind to the organic matter forming insoluble strong complexes. The organic fraction released in the oxidizable step, i.e., following the previous stages in which labile organic matter could have been removed, is not considered very mobile or available since it is thought to be associated with stable high-molecular-weight humic substances that release small amounts of metals in a slow manner (Singh et al. 1998) . Despite the reported affinity of Al to soil organic matter (Á lvarez et al. 2002; Walna et al. 2005; Kabata-Pendias 2011) , the organically bound fraction in the oxidizable phase made a limited contribution to the total Al content in the topsoil of soils of this study. The percentage of this fraction did not reach 3% of total Al under any land uses, showing a mean concentration of 0.47 g kg -1
with higher concentrations in forest (0.57 g kg -1 ) than in cultivated soils (0.35 g kg -1 ), which is consistent with its higher content in organic matter. As might be expected, this fraction also correlated positively with the organic matter content although this correlation (r = 0.51) was not as relevant as that exhibited by the amorphous fraction. A strong dispersion is observed suggesting that the Al concentration in the oxidizable fraction is affected not only by the content of organic matter but also by the organic matter composition as not all the organic matter components are similarly active in the retention of Al (Á lvarez et al. 2002) . The low value of this fraction could be due to the fact that a part of organically complexed Al has already been extracted in the phase 3 (oxalic-oxalate in the dark fraction); in fact, both fractions are closely correlated (r = 0.78, p \ 0.01). On the other hand, extraction of organic matter by oxidative agents is also unsatisfactory because refractory organic matter remains after peroxidation (Gleyzes et al. 2002) . Several authors have observed a predominance of highly stable organoAl complexes in Galician forest soils where Al solubilization is controlled by reactions of organic complexation (Kaal et al. 2008; Eimil-Fraga et al. 2015) , while Á lvarez et al. (2002) found that highly stable complexes contents are comparable to lowmedium-stability complexes contents. However, Urrutia et al. (1988) reported a predominance of mediumover high-stability organo-Al complexes in various Galician soils. In any case, the correlations between organic matter and Al obtained in this phase as well as in the first and third phases of sequential extraction illustrate that the organic matter plays a key role in the non-residual forms of Al in the solid fraction of the study soils.
Oxalic acid/ammonium oxalate, under ultraviolet radiation, fraction This fraction represents 2.15 g kg -1 on average and contributes to 9% of the total Al. The land use does not seem to influence this fraction significantly (Fig. 1) . The Al of this fraction probably arises in part from Al substituting Fe in goethite, since this mineral is the only crystalline oxyhydroxide present (in small quantities) in the clay fraction of these soils. Substitution of Al for Fe in the structure of Fe(III) oxides is known to occur and seems to be widespread in soils (Schwertmann and Taylor 1977; García-Rodeja et al. 1987) , but in addition to goethite, this pool can include other fractions, such as hydroxy-Al from the interlayer region of the vermiculites as was reported by Iyengar et al. (1981) .
Residual fraction
It is well established that Al is a silicate-bound element, even in relatively altered soils (Walna et al. 2005) , and this is why it is mostly present in the residual fraction in which it comprises a mean concentration of 17.38 g kg -1 (considering all the samples), i.e., Al predominance in this fraction (72.3% on average) agrees with the geochemical behavior of this element. However, forest soils have a lower contribution of this fraction (59%) to total Al concentration than the other uses (pastures 77%; cultivation 79%). This indicates a higher liberation of Al to nonresidual fractions in the forest soils than in the remaining uses. Probably, the more aggressive conditions of the forest soils (production of organic acids and lower pH) favored the mineral weathering with the consequent Al release (Pedro and Sieffermann 1979) .
As might be expected, the correlation pattern of residual fraction with soil properties was similar to the pattern of total Al due to the abundance of the residual fraction relative to total Al (r = 0.98, p \ 0.01). Thus, an inverse correlation with sand fraction (r = -0.66, p \ 0.05) and a positive correlation with the content of the sum of silt and clay (r = 0.66, p \ 0.05) were obtained.
The residual fraction is considered the most stable, least reactive, least bioavailable in comparison to other solid phase fractions, as associated metals are occluded within crystal lattices of layer silicates and well-crystallized oxide minerals. Al tied up in silicate phases or in poorly soluble mineral phases is only released after complete destruction of the matrix. Under natural conditions metals bound to this fraction are not expected to be released to the environment even in the long term (Tessier et al. 1979 ).
According to sequential chemical extraction results, Al is mainly in the most resistant phases (based on the sum of the last three fractions) as crystalline Fe oxides, associated with oxidizable organic matter, and silicates. Al in so-called more soluble soil phases (sum of the first three fractions), i.e., in the phases having high probabilities of being phytoavailable and bioavailable, constitutes 16.7% (about 4 g kg -1 ), on average, of the total Al in the topsoil of the study area, being always higher in forest soils than in the other two uses.
Bed sediment physicochemical properties and mineralogy of the clay fraction
The main properties of river bed sediments are listed in Table 4 . The acid-base conditions of the sediments were similar in all the samples, and the pH values were close to neutral (6.4-6.8) and around a unit above the pH of the soils. The difference between pHH 2 O and pH KCl ranged from 1.5 to 2 units. A significant variability in organic matter content can be observed along the river course ranging from 45.4 to 192.6 g kg -1 with an average of 95.4 g kg -1 , similar to the mean value of the soils of the basin (90 g kg -1 ). The N content was quite homogeneous (1.6-4.9 g kg -1 ) with a mean value of 2.7 g kg -1 , similar to the average value of the soils. The C/N ratios were high and ranged between 16 and 23, with a mean value of 19, similar to that found for forest soils of the basin. This high C/N ratio ([12) suggests that the organic material of the sediments has a terrestrial origin and is mainly composed of cellulose and lignin, which are poor in nitrogen (Lamb et al. 2006) . Another characteristic was high sand content ([60% on average, ranging from 57.41 to 73.34%) and low clay and silt contents (150.5 and 201 g kg -1 on average, respectively) that will provide sandy loam texture contrasting with silt and silty loam texture of the soils in the basin (Table 1) . High proportions of sand in sediment were probably deposited during the period of high river discharge (i.e., floods). The mineralogical composition of the clay fraction from sediments is similar to that of soils (Table 2) .
Total Al in the river bed sediments
The mean concentration of total Al was 17.52 g kg -1 (Table 5) , a value slightly lower than the one found for the soils of the basin (24.01 g kg -1 ) and considerably lower than the flow-weighted mean Al concentration in the suspended sediment of the Mero River (51 g kg -1 ; Palleiro et al. 2013 ). Al showed a concentration factor in suspended sediments of more than 200% relative to the soils. This latter may be explained by the fact that soil erosion mainly transports finer particles, which contain relatively high concentrations of Al, as has previously been inferred from the positive correlation between total Al and the fine fractions of the soils (r = 0.68) as well as from the mineralogical composition of its clay fraction ( Table 2 ). The coarser texture of the bed sediments may have contributed to the lower retention of Al with respect to the soils (silt and silty loam textures) because coarse particles are less efficient than fine particles at retaining metals (Horowitz and Elrick 1987) . In addition, the clay fraction of the sediments is richer in quartz than that of the soils. Similar behavior was observed for Fe, Mn, Cu and Zn in the bed sediments of the Mero basin (Palleiro et al. 2016) .
No consistent increase of Al was observed along the watercourse (it ranges between 14.68 and 20.18 g kg -1 ), so small differences between sampling points could be explained by the management of the adjacent lands more than the upstream land uses because the basin landscape is a mosaic of different land uses, and the Mero River has a low transport capacity of the suspended sediments, as denoted by the visualization in situ of angular grains. In this basin, the major Al transfer to the river occurs during flood events, particularly when combined with moments of turbulence in the waters (Palleiro et al. 2014a) . Similar patterns were observed for sediments , metals (Soto-Varela et al. 2015) and nutrients (Rodríguez-Blanco et al. 2010 in the Corbeira catchment, a rural catchment adjacent to the study area. Aluminum is a conservative element (it is little affected by weathering processes) that is usually closely associated with the clay fraction (e.g., Din 1992) . However, in some situations, anomalies have been found that suggest that the coarse fraction may be more important than initially considered because the sand-size grains can have coatings of Al oxides and hydroxides, as well as of organic matter (Horowitz and Elrick 1987) . In the study sediments, the concentration of Al appeared to be influenced by neither the sediment grain size nor the amount of organic matter.
Sequential extraction of Al in the sediments
The range and mean Al concentrations for each fraction are summarized in Table 5 , and the percentages of the fractions for each sampling point are shown in Fig. 2 . Al distribution in the different geochemical phases of sediments is similar to the one in the studied soils. It is characterized by the predominance of the residual fraction in all sampling points (mean 81.2%; 14.24 g kg -1
) and a negligible contribution of the extremely labile fraction (soluble ? exchangeable ? specifically adsorbed: 3%, 0.54 g kg ) as well as of the fractions associated with Mn oxides and with organic matter (around 1.5% in both fractions). The fraction of amorphous Al and the fraction crystalline compounds occur in the same proportion in these sediments (around 6%). As in soils, Al in the following fractions: soluble/exchangeable/specifically adsorbed, amorphous compounds, and bound to organic matter, correlated positively with organic matter content. With respect to the Al source, a part of the Al extracted by the oxalic-oxalate in the dark could be ascribed to the hydroxy-Al polymers in interlayer positions of vermiculites present in the sediments clay. The Al pool extracted with oxalic under ultraviolet radiation could correspond to Al-goethite and hydroxy-Al polymers in interlayer positions of vermiculites, as indicated above for soils.
The above findings suggest that Al in sediments is strongly fixed in the residual fraction, which reflects the fact that Al is present in the samples as primary and secondary silicate minerals, and this is indicative of their lithogenic-pedogenic origin, and is not easily mobilized. Thus, the so-called more soluble fraction comprised 11% of the total Al from the sediment, which is equivalent to a concentration less than twice the concentration of the potentially bioavailable fraction of the soils, suggesting very low bioavailability of this element in the bed sediments.
Conclusions
The fractionation study showed that Al in soils and sediments is mainly associated with the less reactive phases (residual ? crystalline compounds), suggesting that it is not readily mobile under current environmental conditions and hence, the possibility to affect the plants or the water quality is minimal. On average, the residual fraction was higher than 70%. The land uses did not significantly affect total Al content in the soils. However, differences in the Al fractions were found. The forest soils presented higher concentrations of Al linked to amorphous-Al compounds, organic matter and also water-soluble/exchangeable/specifically adsorbed phases than the other land uses (pasture and cultivation). These results demonstrated the effect of soil use on the Al fractions in the topsoil and hence, in its bioavailability for plants. In our study area, the forest use promotes more the Al fraction potentially more bioavailable than the agricultural use. The positive correlations between amorphous forms of Al, Al bound to oxidizable organic matter fraction and Al linked to exchangeable/specifically adsorbed fraction with soil organic matter phase illustrate that the organic matter plays a key role in the non-residual forms of Al in the solid fraction of the study soils.
